In order to reduce the noise emitted by Shinkansen trains, it is important to develop ap
Introduction
In order to effectively reduce Shinkansen noise, it is necessary to understand both the location of each sound source and its contribution to the total noise [1] [2] [3] . Figure  1 shows major sources of Shinkansen noise. Shinkansen noise is composed of (1) pantograph aerodynamic noise, (2) aerodynamic noise generated from the upper part of cars, (3) bridge noise and (4) noise generated from the lower part of cars (see Fig. 1 ). The aerodynamic noise makes a greater contribution when a train runs at a speed of above 200 km/ h, since its power increases in proportion to the sixth power of train speed. Bridge noise is mainly generated from the vibration of the outer surface of a concrete viaduct, which is excited due to interaction force between the wheels and rails. The noise generated from the lower part of cars consists mainly of rolling noise and aerodynamic noise. The bridge noise due to the vibration of the upper surface of a concrete viaduct could be included in the noise generated from the lower part of cars, although the noise makes a much smaller contribution than the other two noise components [4] . The rolling noise is generated by the vibration of wheels and rails due to the excitation force, caused by roughness on the surfaces of wheels and rails. In order to understand the contributions of four noise components to total noise, an attempt was made to measure the Shinkansen noise using a one-dimensional microphone array. It is found that, from the measurement, above 200 km/h, the most dominant sources are both the pantograph aerodynamic noise and the noise generated from the lower part of cars [4, 5] . Therefore, in order to reduce Shinkansen noise properly, it is necessary to focus on the two noise components. Many technical developments have been achieved that abate pantograph aerodynamic noise, e.g. single arm pantograph, low-noise insulator. However, the extent to which rolling noise and aerodynamic noise contribute to the noise generated from the lower part of cars is yet to be clarified. It is therefore unclear what the primary target should be as regards reducing the noise generated from the lower part of cars.
In order to predict rolling noise, theoretical models for wheel/rail noise generation, such as the TWINS model, have been developed in Europe [6] [7] [8] [9] . Figure 2 shows a schematic diagram of the TWINS model. The TWINS model has been validated in terms of noise and vibration, and has given reliable prediction of the contributions of wheels, rails and sleepers. A common feature of the TWINS model shows that, above 2000 Hz, the wheels are the predominant source, and the rails are the dominant component in the frequency range 500-1600 Hz. The Railway Technical Research Institute has also developed a theoretical model for rolling noise generation based on the same idea as that used for the TWINS model.
The main purpose of this paper is to quantify the contributions of the rolling noise and aerodynamic noise to the noise generated from the lower part of cars. Firstly, in Chapter 2, an attempt is made to estimate the contributions of the aerodynamic noise generated from the upper 
（＊）
part of cars and the noise generated from the lower part of cars, which are distributed in the vertical direction [5] . In Chapter 3, using results obtained by the measurement, the noise generated from the lower part of cars is experimentally separated into two noise components, i.e. the aerodynamic noise and the rolling noise, by referring to the method in [5] . Next, in Chapter 4, the contributions of the rolling noise and aerodynamic noise to the noise generated from the lower part of cars are quantitatively estimated using the TWINS model.
Contribution of Aerodynamic Noise Generated from the Upper Part of Cars and Noise Generated from the Lower Part of Cars
In this chapter, the contributions of both aerodynamic noise generated from the upper part of cars and noise generated from the lower part of cars are estimated using results obtained by the measurements. The Shinkansen test train is designed for high speed tests, and many measures were taken to reduce aerodynamic noise generated from the upper part of the car, e.g. smoothing of the surface, installation of an all-around diaphragm in each gap between two neighboring cars. The Shinkansen cars used for the estimation were not equipped with current collection devices. Table 1 indicates the track conditions in the test section. The section was laid with continuously welded 60N-type rails. The track floor was made of concrete, and concrete slabs were used. Figure 3 provides an outline of the measurement in the test section. The measurements were made at three positions while a train passed by: -accelerometer on the base of the rail, -microphone at a distance of 2 m from the nearest rail and 0.4 m above the rail level (hereafter, A-microphone), -one-dimensional microphone array at a distance of 25 m from the centre of a track on the nearest side and 1.2 m above the ground (hereafter, B-microphone) [10] . The procedures for estimating the contributions of the two noise components by using the results obtained by the measurement are given as follows. The estimations are ar- 
where L R (f) is an average of peak levels obtained by the A-microphone. L A (f) is also an average of peak levels obtained by the B-microphone corresponding to a car which is not equipped with current collection devices. The difference, d (f), is a transfer function when the noise generated from the lower part of cars propagates to point A, and depends only on frequency. It is implicitly assumed that the source position of the noise generated from the lower part of cars is still near the bogie above 200 km/h, and the two measurement points are positionally the same location. (c) At speeds above 200 km/h, the contribution of the noise generated from the lower part of cars is estimated by combining d(f) with the measurement results obtained with the A-microphone. Furthermore, the contribution of the aerodynamic noise generated from the upper part of cars is given by calculating the difference in 1/3 octave bands between the measurement results obtained with the B-microphone and the noise generated from the lower part of car. Figure 4 shows the noise generated from the lower part of cars and the results measured with the B-microphone, when a Shinkansen train runs at 315 and 360 km/h. It was found that a difference of more than 3 dB between the two results appears above 2500 Hz. This indicates that the aerodynamic noise generated from the upper part of cars makes a contribution to the total noise in this frequency range. However, below 2000 Hz, it can be seen that the difference between the two results becomes smaller. In addition, in some cases, the noise generated from the lower part of cars is somewhat greater than the measured results, since the measured results include an error of ±1dB.
It is concluded that the noise generated from the lower part of cars has a greater influence on the total noise than the aerodynamic noise generated from the upper part of cars does. Therefore, in order to reduce the noise generated from the lower part of cars noise effectively, it would be necessary to estimate the contribution of the rolling noise and aerodynamic noise to the noise generated from the lower part of cars.
Estimation of Contributions of Rolling Noise and Aerodynamic Noise Using Measurement Results
In this chapter, an attempt is made, using the measured results, to estimate the contributions of the rolling noise and the aerodynamic noise, which are main compo- Frequency (Hz) A-weighted sound pressure level (dB) (b) 360km/h nents of the noise generated from the lower part of cars.
Estimation of Contribution of Rolling Noise Using Measured Results
In the following procedures, the contributions of the two noise components are estimated using the measured results. Here, the test section chosen is the same as that used in Chapter 2. (a) The level difference, Ds (f), in 1/3 octave bands between the rail vibration and results measured with the A-microphone when a train runs at speeds below 200 km/ h is calculated. Here, it is assumed that, at speeds below 200 km/h, the noise generated from the lower part of cars mainly consists of rolling noise. This means that Ds (f) is a transfer function applicable to the relationship between rail vibration and rolling noise if the two measurement points are at the same locations. In addition, Ds (f) does not depend on velocity but on frequencies. (b) At speeds above 200 km/h, the rolling noise is estimated by the following equation.
where L v (f) represents the measured results of rail vibration above 200 km/h. With this method, the contribution of the aerodynamic noise is given by calculating the difference between the result measured by the A-microphone and the rolling noise calculated using the above method. However, the assumption on which this method is based would not be appropriate for estimation of rolling noise. This is because the results measured with the A-microphone below 200 km/ h could include contributions of other sound sources, e.g. noise generated from in-vehicle equipment. Figure 5 shows the measurement results obtained with the A-microphone and the rolling noise at speeds above 315 km/h. Again, the contribution of the aerodynamic noise is estimated by calculating the difference between the two results. In Fig. 5(a) , it is found that, above 2000 Hz, the measured results are almost equal to the rolling noise. This suggests that, in this frequency range, the dominant source is rolling noise. However, it can be seen that, below 1600 Hz, the measured results are greater than the rolling noise. This indicates that the aerodynamic noise is generated below 1600 Hz. For the results at 360 km/h, the difference of up to 15 dB appears below 4000 Hz. This means that the aerodynamic noise is generated significantly below 4000 Hz and makes a greater contribution to the total noise than that made by the rolling noise. Furthermore, as for the rolling noise, it is also found that there are some peaks in the frequency range 160-200 Hz. This is due to the influence of noises generated from in-vehicle equipments, e.g. VVVF inverters. This suggests that the transfer function Ds (f) in the method includes the effect of noise generated from in-vehicle equipments.
Results Obtained by Using Measured Results

Estimation of Contributions of Rolling Noise and Aerodynamic Noise Using TWINS Model
In this chapter, the contributions of the rolling noise and aerodynamic noise to the noise generated from the lower part of cars are quantitatively estimated by using the TWINS model. The test section chosen is also the same as that used in Chapters 2 and 3. Figure 6 shows a flow chart for estimating the contributions of the two noise components. Firstly, in Fig. 6 , at speeds below 200 km/h, the rolling noise, at a point close to the track, is predicted using the TWINS model. The contribution of the noise generated from in-vehicle equipment is obtained by calculating the difference between the results measured with the A-microphone and the predicted rolling noise. For the purpose of this estimation, it is assumed that the acoustic power of the noise generated from in-vehicle equipment is not dependent upon the speed of a train. This assumption is reasonable since the measurement results obtained for other Shinkansen trains showed that this type of noise did not depend on the speed of the train. As the next step, the rolling noise above 200 km/h is predicted once again using the TWINS model. The sum of the predicted rolling noise and the noise generated from in-vehicle equipment is then calculated. The contribution of the aerodynamic noise above 200 km/h is given by calculating the difference in 1/3 octave bands between the sum and the measurement results obtained with the A-microphone. In order to predict rolling noise using the TWINS model, two parameters are necessary; i.e. the wheel/rail roughnesses and the vibration properties of both wheels and a track. However, of these parameters, the wheel/rail (b) 360km/h roughnesses were not obtained during this measurement campaign. In this paper, an attempt is made to estimate a transfer function between the rail vibration and rolling noise using the TWINS model. Subsequently, the rolling noise is predicted by using measured rail vibration and this transfer function. In this method, firstly, the excitation force is estimated from the measured rail vibration by following the arrow marked with * in Fig. 2 , and then the noise and vibration of the wheel and track are obtained from this excitation force.
Vibration Properties of the Wheel and Track
Wheels
In order to understand the vibration properties of the wheels, a static test was carried out by hitting a wheel with an impulse hammer. A C-type rolled wheel was used for the static test, since this type of wheel is used in Shinkansen cars. From the measurement results, the natural frequencies and the corresponding loss factors of the wheel were determined. In addition, the modal bases of the wheel were calculated using the finite element method and the frequency responses of the wheel were predicted using the modal superposition method. Figure 7 shows the frequency response functions in the radial direction for the wheel. The predictions show good agreement with the measurements. 
Measurement Prediction
Track
A static test was also performed to identify the vibratory behavior of the track. During the test, a rail was excited in the vertical or horizontal direction using an impulse hammer, and the frequency response functions and decay rates of the track were estimated using the measurement results. In addition, the results were used to determine appropriate calculation parameters for the TWINS model. In the TWINS model, a track is considered as a Timoshenko beam on a continuous support, which is composed of a resilient layer (rail pad), a mass layer (slab) and a second resilient layer (slab mat). A slab track is simplified as a mass which is discontinuous at an interval of two neighboring rail fastening systems. Table 2 shows the parameters used for the track model in the TWINS model. Figure 8 shows the vertical point accelerance of the track. The results predicted by the TWINS model are also shown for the purpose of comparison. It is found that, above 200 Hz, the prediction shows good agreement with the measurement. However, below 160 Hz, this agreement does not hold any more. This is due to the fact that an accelerometer has not worked well in this frequency range. Figure 9 shows the predicted vertical decay rate plotted against the measurement results obtained at the track. It can be seen that the overall trends are predicted reasonably well. Above 200 Hz, the decay rates decrease considerably. This indicates that free wave propagation occurs above 200 Hz, at which the rail moves on the pad stiffness. Figure 10 shows the measurement results obtained with the A-microphone and the predicted rolling noise when the Shinkansen train ran at 160 km/h. It is found that, above 1000 Hz, the measurement results are almost equal to the rolling noise. However, below 800 Hz, a difference between the two results can be seen, which corresponds to the contribution of the noise generated from invehicle equipment. Figure 11 shows the predicted rolling noise at 360 km/h and the results obtained by adding this rolling noise to the noise generated from in-vehicle equipment, when the train speed was 360 km/h. In addition, the result for the rolling noise estimated in Chapter 3 is shown for the purpose of comparison. It is found that, above 1000 Hz, the rolling noise predicted with the TWINS model is almost equal to the results estimated in Chapter 3. This means that the method used in Chapter 3 is reasonable as a means for estimating rolling noise above 1000 Hz. However, below 800 Hz, there is a difference between the results estimated in Chapter 3 and the predicted rolling noise. The rolling noise estimated in Chapter 3 is fairly similar to the results for the predicted rolling noise plus the noise generated from in-vehicle equipment. This is due to the fact that, below 800 Hz, the noises generated from in-vehicle equipment have a considerable influence. With the method used in Chapter 3, the contribution of the aerodynamic noise is given by calculating the difference between the measurement results obtained with the A-microphone and the estimated rolling noise. Therefore, even if the contribution of aerodynamic noise to the noise generated from the lower part of cars is estimated using the method in Chapter 3, the contribution can be obtained appropriately. Figure 12 shows the predicted rolling noise and the sum of the rolling noise and the noise generated from invehicle equipments at speeds above 300 km/h. The measurement results obtained with the A-microphone are also shown in Fig. 12 . For the result at 315 km/h, there is a difference between the sum and the measurement results below 1600 Hz. This means that the aerodynamic noise is generated below 1600 Hz. For the results at 335 km/h, the aerodynamic noise is generated at higher frequencies and the difference between the measurement results obtained with the A-microphone and the estimated rolling noise is also apparently greater.
In order to estimate the contributions of the aerodynamic noise to the noise generated from the lower part of cars, the differences in 1/3 octave bands between the sum and the measurement results obtained with the A-microphone are estimated, and are added together. However, it can be seen that the predicted rolling noise becomes greater than the measurement results, e.g. 6.3 kHz band in Fig. 12(a) . It is assumed that, in this frequency band, the rolling noise makes the same contribution as the measurement result. Figure 13 shows the contributions of the rolling noise and aerodynamic noise to the noise generated from the lower part of cars. For the result at 275 km/h, it is found that the rolling noise makes a greater contribution to the noise generated from the lower part of cars. At higher speeds, it can be seen that the aerodynamic noise makes a greater contribution, whilst the contribution of the rolling noise tends to be smaller. Above 335 km/h, the aerodynamic noise is the most dominant source in the noise generated from the lower part of cars.
Conclusions
Using the TWINS model and the results obtained by the measurement for the Shinkansen train designed for high speed tests, the contributions of the rolling noise and the aerodynamic noise to the noise generated from the lower part of cars are estimated quantitatively at the measuring point near the track. The measurement section was laid with continuously welded 60N-type rails. The track was of concreted construction, and concrete slabs were used. A summary is provided below: (1) At speeds below about 300 km/h, the aerodynamic noise is predominant in the frequency range below 1600 Hz, although the rolling noise makes a greater contribution to the noise generated from the lower part of cars. As the train speed increases, the aerodynamic noise becomes predominant at higher frequencies. (2) Above about 330 km/h, the aerodynamic noise is generated below 3150 Hz and makes a greater contribution to the noise generated from the lower part of cars. This might indicate that, in order to reduce the noise generated from the lower part of cars appropriately at high speeds, it may be necessary to develop a better understanding of aerodynamic noise. 
